Abstract-An applications-oriented review of optical parametric amplifiers in fiber communications is presented. The emphasis is on parametric amplifiers in general and single pumped parametric amplifiers in particular. While a theoretical framework based on highly efficient four-photon mixing is provided, the focus is on the intriguing applications enabled by the parametric gain, such as all-optical signal sampling, time-demultiplexing, pulse generation, and wavelength conversion. As these amplifiers offer high gain and low noise at arbitrary wavelengths with proper fiber design and pump wavelength allocation, they are also candidate enablers to increase overall wavelength-division-multiplexing system capacities similar to the more well-known Raman amplifiers. Similarities and distinctions between Raman and parametric amplifiers will also be addressed. Since the first fiber-based parametric amplifier experiments providing net continuous-wave gain in the for the optical fiber communication applications interesting 1.5-m region were only conducted about two years ago, there is reason to believe that substantial progress may be made in the future, perhaps involving "holey fibers" to further enhance the nonlinearity and thus the gain. This together with the emergence of practical and inexpensive high-power pump lasers may in many cases prove fiber-based parametric amplifiers to be a desired implementation in optical communication systems.
plification outside the conventional Erbium band has increased the interest in such optical parametric amplifiers (OPA). The fiber-based OPA is a well-known technique offering discrete or "lumped" gain using only a few hundred meters of fiber [4] , [5] . It offers a wide gain bandwidth and may in similarity with the Raman amplifier [6] be tailored to operate at any wavelength [7] [8] [9] [10] [11] . Although continuous-wave (CW) pumped fiber OPAs have been experimentally investigated since the late 1980s [12] , it was not until about two years ago that net "black-box gain" was achieved in the 1.5-m region. An OPA is pumped with one or several intense pump waves providing gain over two wavelength bands surrounding the single pump wave, or in the latter case, the wavelength bands surrounding each of the pumps. As the parametric gain process do not rely on energy transitions between energy states it enable a wideband and flat gain profile contrary to the Raman and the Erbium-doped fiber amplifier (EDFA). The underlying process is based on highly efficient four-photon mixing (FPM) 1 relying on the relative phase between four interacting photons [13] [14] [15] [16] . Due to the phase matching condition, the OPA does not only offer phase-insensitive amplification, but also the important feature of phase-sensitive parametric amplification. The phase-sensitive amplifier only amplifies components of the same phase as the signal, while attenuating components with the opposite phase [9] , [17] , [18] . This property has many potential uses, e.g., pulse reshaping [19] , [20] , as well as dispersive wave, soliton-soliton interaction, and quantum noise suppression [21] [22] [23] . Another very important application is the possibility of in-line amplification with an ideal noise figure of 0 dB [18] , [24] , [25] . This should be compared to the quantum limited noise figure of 3 dB for standard phase-insensitive amplifiers. A difficult but necessary requirement for phase-sensitive OPAs is the need for a strict control of the phases of all involved light waves. The most usual experimental implementation of such an amplifier is thus through a nonlinear Kerr interferometer where the phase of only one light source needs to be tracked [17] , [26] .
For the phase-insensitive OPA, two photons at one or two pump wavelengths with arbitrary phases will interact with a signal photon. A fourth photon, the idler, will be formed with a phase such that the phase difference between the pump photons and the signal and idler photon satisfies a phase matching condition (this is further discussed below). The phase-insensitive 1 In the literature, four-photon mixing is also referred to as four-wave mixing. Fig. 1 . Frequency components generated due to FPM for two pumps at frequencies ! and ! and a weak signal at ! .
OPA lacks the ability of amplification with a subquantum-limited noise figure, while the requirements for its implementation are substantially relaxed and it still offers the important properties of high differential gain, optional wavelength conversion and operation at an arbitrary wavelength.
As the Kerr effect, similarly to the Raman process, relies on nonlinear interactions in the fiber, the intrinsic gain response time for an OPA is in the same order as for the Raman amplifier (a few femtoseconds). This prevents in many, but not all cases, the amplifier from operating in a saturated mode. In return, it allows for ultrafast all-optical signal processing. Potential applications, further discussed below, include in-line amplification [4] , [5] , return-to-zero (RZ)-pulse generation [27] , optical time-division demultiplexing (O-TDM) [28] , [29] , transparent wavelength conversion [10] , [11] , all-optical limiters [28] , [30] , and all-optical sampling [31] .
The remaining part of this paper describes the theory and the possible applications of phase-insensitive fiber based parametric amplifiers to high-speed and long-haul transmission systems. The focus is on degenerated parametric amplification using one strong pump at a single wavelength, while the results in general are possible to extend to two pumps at different frequencies [8] , [13] , [32] , [33] , [53] .
In Section II, we will describe the theory, the limitations and advantages of fiber based OPAs, and also give a brief comparison with the well known Raman amplifier. In Section III, we will discuss and demonstrate some general applications of the OPA. We will start with a CW pumped linear amplifier and a transparent wavelength converter followed by a review of experiments demonstrating high speed O-TDM applications. The paper is concluded with a brief discussion on future developments.
II. THEORY

A. Four-Photon Mixing
To understand the parametric gain process, relying on highly efficient FPM, we will describe it from three view angles. In an intuitive approach, the nondegenerated process starts with two waves at frequencies and that copropagate together through the fiber. As they propagate they will continuously beat with each other. The intensity modulated beat note at frequency will modulate the intensity dependent refractive index of the fiber. When a third wave at frequency is added, it will become phase modulated (PM) with the frequency , due to the modulated . From the PM, the wave at will develop sidebands at the frequencies . The amplitude of the sidebands will be proportional to the amplitude of the signal at . In the same way, will beat with and PM . As a consequence the wave at will generate sidebands at , where will coincide with the previously mentioned . It should be noted that from a FPM process including three incident waves and all possible degenerated and partially degenerated processes, nine new frequencies will be generated [34] . Fig. 1 shows all nine frequencies. It also shows that some FPM-products will overlap with the signal frequency, in this case . These products will result in a gain for the signal, i.e., provide parametric amplification. In general, the remaining weaker frequencies are usually neglected with the exception of the stronger frequency component at . The two overlapping components ( and ) at are here referred to as the generated idler. In the degenerated case with one pump, and will coincide and light will only be transferred to the signal and the idler frequency.
For the rest of this chapter, we will focus on the degenerated case including one pump at , one signal at and one idler lightwave at . From the above discussion it follows that a requirement for the FPM process to be "resonant" is that both a phase-matching condition between the waves is maintained, and that the frequencies of the three waves are symmetrically positioned relatively to each other,
Here, is the low power propagation mismatch, is the speed of light in vacuum and is the propagation constant of each lightwave.
Parametric amplification can be viewed from a quantum mechanical picture. Here, the degenerated parametric amplification is manifested as the conversion of two pump photons at frequency to a signal and an idler photon at frequencies and . The conversion needs to satisfy the energy conservation relation as in (2) and the quantum-mechanical photon momentum conservation relation as in (1) .
From an electromagnetic point of view we may consider the interaction of three stationary copolarized waves at an-gular frequencies and , characterized by the slowly varying electric fields with complex amplitudes and , respectively. The total transverse field propagating along the single-mode fiber may be written as [16] (3) where c.c is the complex conjugate which is usually omitted in the calculations and is the common transverse modal profile which is assumed to be identical for all three waves along the fiber. Using the basic propagation equation [35] , it is straightforward to derive three coupled equations for the complex field amplitude of the three waves [13] , [14] , [16] , [36] (4) (5) (6) Here, fiber loss have been neglected and is the nonlinearity coefficient where is the fiber nonlinear parameter and is the effective modal area of the fiber. Furthermore, the frequencies are assumed to be similar such that are equal for the three light waves and is assumed approximately real such that any Raman gain is negligible. The first two terms on the right-hand side (RHS) of (4)- (6) are responsible for the nonlinear phase shift due to self-phase modulation (SPM) and cross-phase modulation (XPM), respectively. The last term is responsible for the energy transfer between the interacting waves. If required, fiber loss may be included by adding the loss term to the RHS of each equation, respectively.
B. Phase-Sensitive or Phase-Insensitive Parametric Amplification
By rewriting (4)-(6) in terms of powers and phases of the waves further insight can be gained. Let and , where for [14] , [36] , [37] . (10) Here, describes the relative phase difference between the four involved light waves (11) where includes both the initial phase at and the acquired nonlinear phase shift during propagation.
The first term of on the RHS of (10) describes the linear phase shift, while the second and third term describe the nonlinear phase shift. The attentive reader may note that a phase term representing the time dependent phase difference, is missing in (11) . However, this term will remain zero when , resulting in the phase-matching condition previously stated in (2) .
As can be observed from (7)- (10), by controlling the phase relation , we have the opportunity to control the direction of the power flow from the pump to the signal and the idler ( , parametric amplification) or from the signal and the idler to the pump ( , parametric attenuation). In other words, by having signal, idler, and pump photons present at the fiber input and adjusting the relative phase between them, we are able to decide if the signal will be amplified or attenuated. This gives us the possibility to create a phase-sensitive amplifier. As previously discussed in the introductory part of this paper, the major obstacle for implementing such device is the difficulties of controlling and maintaining the relative phase of the interacting photons.
For the general application of a phase-insensitive fiber-based parametric amplifier as outlined in Fig. 2 , we may consider an intense pump at and a weak signal at . The idler is assumed to be zero at . For this special case at the fiber input port. This can be understood as described by Inoue and Mukai [37] by realizing that the idler will be generated after an infinitesimal propagation distance in the fiber. Analyzing the phases in (6) :
, shows that the phase of the initiated idler will be ; thus at the input port. Following (8)- (9), this has the consequence that the signal and the idler will start to grow immediately in the fiber.
C. Phase Matching Condition
Operating in a phase-matched condition remains near , the third term in (10) may be neglected and the following approximation, first introduced by Stolen and Bjorkholm in [13] is valid (12) Here, the phase mismatch parameter is introduced and the second approximation is valid when the amplifier is operating in an undepleted mode . Expanding in Taylor series to the fourth order around the zero-dispersion frequency the wavelength dependent part, of the phase mismatch parameter can be rewritten as (13) Here, and is the third and fourth derivative of the propagation constant at . When the pump frequency is chosen to the wavelength dependent part, of the phase mismatch parameter , and thus the OPA gain bandwidth may be limited by the fourth-order dispersion [7] . As is typically in the ps /km range, higher order dispersion becomes an important and fundamental limiting factor as the operating bandwidth exceeds 100 nm. By neglecting , a convenient approximative transformation of (13) may be done from the frequency domain to the more generally used wavelength domain [28] , (14) Here, is the slope of the dispersion at the zero-dispersion wavelength and the approximation has been made. This approximation is only valid for bandwidths where . When is positioned in the normal dispersion regime , the accumulated phase mismatch will increase with increasing signal wavelength , thus decreasing the resulting efficiency of the process. By positioning the pump wavelength in the anomalous dispersion regime , it is possible to compensate for the nonlinear phase mismatch by the linear phase mismatch . For a fixed , the gain versus signal wavelength will thus be formed in two lobes on each side of , each lobe having its peak gain for . This process is identical to the phenomenon that is also referred to as modulation instability [32] , i.e., the parametric process establishes a balance between GVD and the nonlinear Kerr-effect.
As a sidenote, it can be mentioned that parametric amplification with the pump positioned in the normal dispersion regime may be achieved by using a birefringent fiber [16] . The linear phase mismatch consist of material phase mismatch (due to the properties of fused silica) and waveguide phase mismatch (due to the design of the optical fiber). In the normal dispersion regime, the nonlinear and the material phase mismatch contribution will have the same sign. By placing the pump in the slow propagation axis of the fiber, while the idler and signal is positioned in the fast axis, the sign of the waveguide mismatch contribution will cancel the material and nonlinear mismatch contributions and parametric amplification may occur.
Combining the expression for the maximum power flow i.e., with (14) shows that (15) Hence, the separation between the gain peaks for the signal wavelength will increase with increasing and with fixed. Considering the special case when the pump becomes depleted such that the condition is no longer fulfilled. Studying (12), we may note that the approximation performed in the last equality is no longer correct. If we still assume that we are operating in the phase matched regime , the nonlinear phase mismatch will decrease in order to keep the total phase mismatch close to zero so that the optimum linear phase mismatch will decrease compared to predicted by (15) with . When the pump become so depleted that , the power will start to oscillate between the pump and the signal/idler as a consequence of will start to oscillate between and . Equations (4)- (6) are general in the sense that they include a depleted pump, higher order dispersion and a nonlinear phase shift, they may also easily be solved numerically by using a standard computer math package. An improved understanding can be obtained by considering a strong pump and a weak signal incident at the fiber input such that the pump remains undepleted during the parametric gain process. We may then set and an analytical solution may be derived for the remaining coupled equations as [13] (16) (17) Here, is the fiber interaction length and the parametric gain coefficient is given by (18) If the fiber is long or the attenuation is high, the interaction length will be limited by the effective fiber length expressed as [38] ( 19) where is the loss coefficient of the fiber. In most applications involving low-loss HNLF such that . In the remaining part of this paper that condition will be assumed. The unsaturated single pass gain and the unsaturated wavelength conversion efficiency may be written [7] , [33] (20)
In (20), the last equality stems from the Taylor expansion of . From (20) , it may be noted that for signal wavelengths close to and . In the special case of perfect phase matching and , (20) may be rewritten as ( 
22)
D. Discussion on Amplifier Gain and Bandwidth
The above expression shows that for the perfect phase-matching case, the parametric gain is approximately exponentially proportional to the applied pump power. A very simple expression for the OPA peak gain may be obtained if (22) is rewritten in decibel units as (23) where is introduced as the parametric gain slope in [dB/W/km]. Fig. 3 shows calculated gain for a parametric amplifier with 1.4-W pump power and 500-m HNLF with W km . The region for perfect phase matching (exponential parametric gain) and the region where (quadratic parametric gain) is marked in the figure. Fig. 4 shows the measured gain slope for the same experimental fiber parameters [5] . The amplifier bandwidth may be defined as the width of each gain lobe surrounding [7] , [8] , [13] . From (14) , (18), (20) it may be observed that the amplifier bandwidth for a fixed will increase with decreasing as the reduction in with respect to will be "accelerated" by the longer fiber length. On the other hand, since increases as decreases, the peak gain wavelength will be pushed further away from . This is an important observation since the available power was usually the limiting factor for conventional optical fibers. By using a short HNLF it is possible to decrease and increase such that the maximum gain is fixed while the amplifier bandwidth is increased. The benefit of using such a fiber is demonstrated in Fig. 5 . Here, the single pass gain is calculated from (16) for different fiber lengths. The product is constant, resulting in a fixed maximum gain but an increased bandwidth as the fiber length is decreased. The condition correspond e.g., to a pump power of 1 W for a HNLF with m and W km . Decreasing the fiber length to 50 m would increase the bandwidth 20 times and require for instance W and W km . Such a high could be achieved in novel types of HNLF such as air-silica microstructured fibers (ASMF, also called "holey fibers") [39] [40] [41] .
As discussed earlier, in the context of (13), we saw that in the linear phase-matching regime that the limiting factor for wide operating bandwidth is the fourth-order propagation constant . However, as the impact of the nonlinear phase mismatch increases, can be advantageously utilized to increase and flatten the operational bandwidth by optimizing [7] , [42] . A second factor to take into account for the OPA gain bandwidth is the fact that in a real fiber is slightly distributed along the fiber length [9] , [43] , [44] . This will broaden the resulting gain bandwidth compared to a fixed wavelength but will decrease the peak gain. By deliberately introducing a variation in the fiber it has been shown that a flat, broad-band operation may be achieved [45] [46] [47] [48] . A third factor is the existence of birefringence which will decorrelate the polarization of initially copolarized light waves [49] , [50] .
As the linear phase mismatch is proportional to the dispersion slope, a fiber with small dispersion slope would increase the signal bandwidth further. Another technique compensating for phase mismatch and allowing to closely design the dispersion profile of the nonlinear medium is quasi-phasematching (QPM). This can be accomplished by periodically inserting short fiber pieces with a sign of and compensating for the accumulated phase mismatch [45] , [51] . QPM is a well-known technique in the context of nonlinearities in for example periodically pooled LiNbO or KTP crystals. In the context of fiber OPA, a problem is the impractical accumulation of optical loses due to the many fiber intersections. One way of avoiding that problem is to implement a fiber grating employing alternating negative and positive dispersion or by using alternating birefringence as demonstrated by Murdoch et al. [52] .
A very interesting implementation predicted by Marhic et al. in 1996 [8] and Radic et al. in 2002 [53] , demonstrated by Yang et al. [54] , Radic et al. [53] and Boggio et al. [55] shows that a flat exponential parametric gain over with a negligible gain ripple may be achieved by using a copolarized dual pump scheme. The dual pumps here are symmetrically positioned around the zero dispersion wavelength enclosing the signal and the idler wavelength, and the wide flat gain bandwidth is generated through a cascaded coupling between nondegenerated and degenerated FPM processes.
Summarizing, key parameters such as high pump power, high nonlinearity coefficient, a short fiber length, a pump wavelength close to the zero-dispersion wavelength, and a low dispersion slope are identified for achieving a high gain and a wide bandwidth in single-pumped fiber optical parametric amplifiers. Recently, Ho et al. demonstrated a fiber-based OPA with more than 200-nm bandwidth using only 20-m HNLF [10] . Using a combination of a short HNLF and parametric gain Westlund et al. recently demonstrated a transparent fully configurable wavelength converter with 60-nm pump tuning range by filtering out the generated idler wavelength [11] .
E. Comparison With Raman Amplifiers
It is interesting to compare the performance of the OPA with the Raman amplifier, both relying on nonlinear effects in silica fibers but resulting from different phenomena. The gain of phase matched parametric amplification have similarities with Raman amplification such as having an exponential gain dependence on pump power, and fiber length, . The gain of the Raman amplifier may be written in decibel units as [56] , [57] (24)
Here, the Raman gain slope where is the peak Raman gain coefficient and is the effective mode area of the fiber. For a fair comparison with the parametric amplifier, we have assumed that the state of polarization between the pump and the signal is aligned throughout the fiber. Table I shows calculated parametric gain slope and Raman gain slope calculated for typical fiber parameters for five different optical fibers [57] [58] [59] . The OPA has approximately twice as high differential gain as the Raman amplifier for the same fiber parameters in the most cases. This is essentially due to the basic properties of silica and may be traced to the higher value of the nonlinear refractive index, compared to . The higher differential gain makes the OPA more suitable for lumped amplification as well as for all-optical signal processing applications. Both amplifiers have an excitation life time in the order of femtoseconds. This is a necessary requirement for ultrafast signal processing while it is generally considered a drawback in signal amplification applications. Operating a Raman or OPA amplifier in saturated mode will, due to their instantaneous response, degrade the extinction ratio of the signal as the 0s will be more amplified than the 1s [28] . It will also cause interchannel crosstalk problems in WDM systems. On the other hand, due to the lower efficiency of a Raman amplifier, it is more difficult to saturate than an OPA. The feature of instantaneous saturation has been proposed as a tool for using OPAs as all-optical limiters [30] , however, due to the extinction ratio degradation, this is difficult to implement effectively in a system carrying real data. Means of overcoming the extinction ratio problem have been suggested by filtering out a higher order parametric component [60] , [61] . Saturation is not a problem for EDFAs which have excitation life time in the order of milliseconds.
An important difference between the two amplifiers is the creation of an idler in the parametric process. In a short HNLF this may be utilized for transparent dynamic wavelength conversion [11] . In pure silica, the Raman gain peaks at a frequency 13.2 THz below the pump frequency. Due to the exponential gain the 3-dB bandwidth is gain dependent, but is generally 20-30 nm wide determined by the vibrational modes of the medium [56] . The bandwidth of the parametric amplifier on the other hand is solely limited by the phase-matching condition between the involved light waves in the optical fiber. In similarity with the OPA, the Raman amplifier requires a phase-matching condition. However, as Raman amplification is due to the scattering between an optical phonon and a photon and the optical phonon has an almost uniform dispersion relation versus wave number [6] , [62] , the phase matching is easily obtained for arbitrary directions between the pump-and-signal waves. The Raman amplifier can thus use both copropagating and counterpropagating pump schemes contrary to the OPA which can only use copumping. The easily maintained phase-matching condition in combination with the smaller differential gain allows Raman amplifiers to operate as distributed amplifiers over tens of kilometers range. On the other hand, the same easily obtained phase condition prevents the Raman amplifiers from operating in a phase-sensitive mode. As seen in the previous theory section, an OPA operating over long fiber lengths will have a reduced bandwidth. The way to implement a distributed OPA in future optical communication systems would be to use dispersion-flattened fiber, having a fixed dispersion with zero-dispersion slope. The Raman counterpropagating scheme is not only advantageous because it offers distributed amplification, but also from a polarization-sensitive point-of-view. Raman amplification is a polarization-sensitive process, however, by using long fibers and counterpropagating pumping, the states of polarization will evolve in the fiber in such a way that the gain will be reduced by a factor of 2 (in decibel B, e.g., 30 to 15 dB), while the polarization dependence of the amplified signal will be significantly reduced. The polarization-sensitive process of parametric amplification is a major obstacle for a possible implementation in commercial optical communication systems. Inoue [63] demonstrates polarization-independent wavelength conversion using FPM by dual pump waves with orthogonal polarization. This scheme implemented in an OPA configuration, i.e., with a nonnegligible nonlinear phase shift was demonstrated by Wong et al. in 2002 [64] . Polarization-independent operation can also be implemented through a single pump using a polarization beam splitter in a Sagnac loop configuration [65] . Although the dual pump configuration is more complex it offers the additional advantage of a flat high-bandwidth gain as discussed above.
III. APPLICATIONS
An amplifier operating with a CW pump has several advantages compared to one operating with a pulsed pump; it is fully bit rate transparent, it requires no synchronization, and the pump does not suffer from SPM or induce XPM. The drawbacks are the higher required average pump power and the decreased stimulated Brillouin scattering threshold (SBS) [66] , [67] . Although newly developed HNLF offers a higher and, thus a much shorter required interaction length, the SBS limited maximum power into the fiber will be reduced by the same amount [68] . Thus, methods to increase the SBS threshold are essential for CW pumped OPAs. Proposed methods include broadening of the pump spectrum by PM [69] or arrangements such as strain or temperature distributions [68] , [70] to broaden the Brillouin gain bandwidth of the fiber. Drawback of the former is chirping of the idler spectrum as a consequence of the underlying FPM process. Fig. 6 show pump, idler, and signal spectrum after parametric amplification. The spectra are measured using a Fabry-Pérot interferometer; arrows indicate artifacts due to the measurement setup. The pump spectrum is broadened using four combined RF-frequencies (100, 310, 920, and 2700 MHz) generating tones separated 100 MHz apart. The resulting flat pump spectrum full-width at half-maximum (FWHM) is 8.1 GHz wide. Here, each generated spectral component of the pump spectrum will act as a pump to the signal. From Fig. 1 , we may observe that when using a single pump configuration, the generated signal gain ( or ) will always overlap with the signal under amplification , thus as the frequency of the pump changes over time (due to PM) this will not result in a spectral broadening of the signal spectrum. The generated idler on the other hand will shift its frequency twice as much as the frequency deviation of the pump, thus leading to a broadening of the idler spectrum to twice the spectral width of the phase-modulated pump. Yang et al. proposed in [4] a dual pump scheme using pumps with a relative phase difference of the electrical PM frequency of as a method to compensate for the idler broadening. Fig. 7 shows the experimental setup for a CW pumped OPA providing 39-dB net "black-box gain" [5] . A CW distributed feedback (DFB) laser diode with a wavelength 2 nm above of the fiber is used as pump source. The pump is PM to broaden its spectrum using four combined sinusoidal RF-frequencies increasing the SBS threshold from 17 to 33 dBm. It is then amplified to approximately 2 W and combined with the signal using a coupler adding 90% of the pump with 10% of the signal. The combined pump and signal are coupled into 500-m HNLF with W km , the HNLF consisted of three pieces of fiber 200, 200, and 100 m with a zero dispersion wavelength , equal to 1556.8, 1560.3, and 1561.2 nm, respectively. The dispersion slope was 0.03 ps/nm km. An optical bandpass filter (BPF) is positioned after the fiber to recover either the generated idler or the amplified signal. Fig. 8 shows an example of the optical spectrum measured at point B in Fig. 7 . Here, the optical BPF after the HNLF was removed. Note that the amplified spontaneous noise floor shows the OPA gain profile. Fig. 9 shows measured "black-box" gain (output signal power at point B divided by input signal power at point A), together with calculated gain using (20) . The amplifier provided net gain over 35 nm with a peak net gain of 39 dB. The actual fiber gain was 49 dB due to the 10-dB loss in the pump-signal combiner. The calculated gain takes into account the distribution of the zero distribution wavelength, thereby the less than expected peak gain of 55 dB. Using a uniform zero dispersion wavelength and (23), the theoretical peak gain should be dB. Bit-error-rate (BER) measurements before and after amplification indicate a noise figure, after compensation for the 10-dB input coupler loss, in the same range as for conventional EDFAs. For practical implementations, the 10-dB coupler would be replaced by a dichroic coupler to eliminate the loss. The discrepancy between calculated gain and measured gain for the high pump powers are due to depletion of the pump. By filtering out the generated idler, wavelength conversion with inherent gain is obtained. Besides linear amplification and wavelength conversion, a third application with the same scheme is mid-span optical phase conjugation/reamplification [71] . Here, the quality of the optical spectrum for the generated idler is essential. The impact of the idler performance from the PM scheme for SBS suppression needs to be evaluated.
A. Linear Optical Amplifier
B. Transparent Wavelength Conversion
Tunable wavelength conversion will be a key component for reconfigurable network nodes in future WDM systems. The CW pumped OPA has attractive features for this application; it is bit rate transparent, it may be designed to provide gain in the conversion process and, thus operate in a lossless transparent mode and it can be designed to operate over a wide wavelength range. The need for tunability of the pump wave was an obstacle for fiber-based wavelength converters for many years. Due to the required interaction lengths and the phase-matching condition, the tuning range of the pump was limited to a few nanometers. This was contrary to the semiconductor optical amplifier (SOA) since the short SOA length offers a wide tuning range for the pump wavelength [72] . With the introduction of new highly nonlinear fibers this advantage is no longer obvious. The keys to a flat wide conversion gain is, as shown in Fig. 5 , a short fiber length and a low dispersion slope. Fig. 10 shows the setup for an experiment demonstrating pump tunability over 24 nm with a conversion bandwidth of 61 nm. A 115-m-long GeO -doped HNLF with W km , nm and dispersion slope of 0. 03 ps/nm km was used. To increase the SBS limited input power with negligible impact on the generated idler, a Brillouin frequency distribution was introduced by winding the HNLF onto eight metal spools, each maintained at different temperatures [68] . In addition, the pump was PM to provide a spectral width of 2.6 GHz resulting in a converted idler spectral width of 5.2 GHz. The SBS limited input power was, thus increased to 33 dBm and the input pump power was fixed to 31 dBm. In the experiment, two wavelength-tunable external cavity lasers (ECL) were used, one served as pump source and the second served as signal source. The conversion efficiency was measured with the optical spectrum analyzer by tuning the pump for each signal wavelength. In Fig. 11 , the calculated wavelength conversion efficiency versus signal wavelength and converted idler wavelength are shown m, W km , nm, and ps/nm km. For instance, predicted conversion efficiency for converting a WDM channel at 1550 to 1570 nm should be slightly below 2 dB. In this case, we will use a pump wavelength of 1560 nm. The higher efficiency (5 dB) for the longer converted wavelengths are due to the reduced phase mismatch parameter for . Fig. 12 shows measured conversion efficiency over the available measurement range. Areas in upper right and lower left corners were not reachable due to experimental constrains. The experimental results show good agreement with theory. BER measurements showed 1.4-dB penalty from the wavelength conversion process.
C. RZ Pulse Generation
As was observed in (22) in the previous theory section, when the OPA is operating in a phase-matched condition, it will exhibit an exponential gain dependence on the pump power. Fig. 13(a) shows the normalized gain profile when a sinusoidally intensity modulated pump with a modulation period of one is used. The parameter is the gain slope, times the fiber length . Note that the theory used for this figure is simplified and only serves to show the principle of the idea, e.g., the power-dependent nonlinear phase shift is not considered and thus perfect phase matching is considered over the complete gain profile. Fig. 13(b) shows the calculated FWHM width of the gain profile versus . For high gain, the parametric amplifier may be approximated with an optical switch, amplifying everything within the FWHM width and being transparent to everything outside. For example, as will be demonstrated below, by using a 40-GHz sinusoidally modulated pump it is possible to generate optical RZ pulses at either the idler or the signal wavelength with a repetition rate of 40 GHz and a pulsewidth as short as 3 ps. For large , the window profile approaches a Gaussian. The characteristic exponential gain may be utilized for several all-optical signal processing applications requiring an ultra high bandwidth. These applications include pulse compression [73] or RZ pulse generation [27] , O-TDM switching [29] and an increased resolution in all-optical sampling systems [31] . The following three subsections will provide a more detailed presentation of these applications.
As described above, it should be possible to generate short optical pulses from a sinusoidally modulated pump signal. Fig. 14 shows the setup for an experiment generating 40-GHz RZ pulses from a single frequency sinusoidally amplitude modulated pump. Here, 500-m HNLF is used with W km and dispersion slope ps/nm km. The estimated product was, thus 48 dB/W which agreed well with the measured product of 50 dB/W. A Mach-Zehnder intensity modulator (IM) was added in front of the high-power EDFA with a resulting input pump peak power into the fiber of 1.6 W. The principle of operation is to selectively amplify a weak seed CW signal and either recover the signal or the generated idler as the pulse source [27] , [74] . Ideally, the extinction ratio in decibels for the pulses on the signal wavelength should be equal to the parametric gain dB for the phase-matched case. By tuning the CW signal wavelength, the RZ pulse source will shift in carrier wavelength. It is possible to show that the pulse shape approaches a Gaussian as increases [27] . Nearly transform-limited, high power, and very stable 40-GHz pulses at both signal and idler wavelengths with widths between 2 and 4 ps over a 37-nm-wide wavelength range were obtained. Fig. 15(a) shows received 40-GHz pulses detected with a 45-GHz photodetector and a 50-GHz oscilloscope over 5 min. There is no visible amplitude or timing jitter. Fig. 15(b) shows the optical spectrum for the pulses at the signal wavelength with the inset showing a streak camera trace with a resolution of 3.5 ps. By varying the average pump power between 700 mW and 1.05 W, the average signal output power was tuned between 9 and 15 dBm (260-mW peak power) with preserved pulse quality. As the average output power increased above 10 dBm the output pulse width started to increase due to a combined effect of GVD, SPM, and XPM in the HNLF.
D. O-TDM Switch
The narrow gain time window profile in pump-modulated OPAs may be utilized in ultrahigh-speed O-TDM switches. From Fig. 13(b) , we observe that the product between fiber length and parametric gain slope should be higher than 20 dB/W to achieve a 3-dB switching window width smaller than 25% of the applied sinusoidal modulation period. In [29] , we used a 10-GHz sinusoidally modulated pump to demultiplex a 40-Gb/s O-TDM signal. The OPA is demonstrated as a combined demultiplexer, pre-amplifier and, if desired, wavelength converter. The principle is to selectively amplify or wavelength convert a predetermined O-TDM channel. The high gain offers O-TDM demultiplexing with optional wavelength conversion by recovering the selectively amplified signal wavelength. This is in contrary to previously demonstrated FPM-based demultiplexing [75] , where wavelength conversion of the demultiplexed signal is unavoidable due to the low efficiency of the FPM-process. The demultiplexer setup is shown in Fig. 16 [29] . The same fiber parameters as in the previously demonstrated RZ-pulse source application are used, resulting in dB/W. A switch was inserted in front of the input signal port in order to be able to switch between a 40-Gb/s O-TDM signal and a CW signal generated by a wavelength tunable ECL. The CW signal was used for measuring the resulting FWHM of the switching window by detecting the partially amplified/wavelength converted signal on the digital oscilloscope. Fig. 17 shows measured FWHM switching window widths for idler and signal wavelengths. Fig. 18 shows bit-error rates for all four demultiplexed 10-Gb/s channels when the OPA was used as a combined 40-to 10-Gb/s demultiplexer/preamplifier to the 10-Gb/s receiver. The gain was 30 dB. For comparison, the measured back-to-back curve for the thermally limited 10-Gb/s receiver is also displayed. The lower slope for the preamplified 10-Gb/s channels compared to the thermally limited 10-Gb/s back-to-back signal is a well-known property of ASE-limited preamplifiers. When compensating for the 10-dB signal in-coupling loss, the OPA demultiplexer would have a sensitivity at of approximately 30 dBm. The insets show input 40-Gb/s O-TDM data and demultiplexed 10-Gb/s data.
E. All-Optical Sampling
Direct monitoring of optical signals will be essential for future ultrahigh-speed communication systems [76] . All-optical sampling is a technique that enables real-time evaluation of a received high bit rate signal. All-optical sampling based on parametric amplification is a similar application to the O-TDM switch. Until recently, optical fibers were not considered a serious alternative for such applications due to the small nonlinear coefficient. Instead, sum-frequency-generation in nonlinear crystals has generally been used [77] , [78] . In [31] , an all-optical sampling application using fiber-based parametric amplification is described. The setup is shown in Fig. 19 . The data signal under study is a bursted O-TDM signal at either 160, 200, or 300 Gb/s. The sampling system uses a mode-locked Erbium-doped fiber ring laser (ML-EFRL) generating 1.6-ps-wide pulses at the original 10-Gb/s O-TDM channel repetition frequency plus a slight deviation . The frequency deviation is usually in the kilohertz range. An intensity modulator removes most pulses so that 1.6-ps FWHM sampling pulses at 100-MHz repetition rate (7-W peak power) are generated and subsequently combined with the data signal to be studied. The nonlinear medium consists of 50-m HNLF with nm and ps/nm km. The generated idler pulse is detected by a photo detector with 125-MHz bandwidth. The idler envelope which will be a time resolved copy of the input signal, is recorded via a commercial A/D converter (Gage Compuscope 8500) and a conventional 400-MHz desktop computer. Fig. 20 shows sampled 160-, 200-, and 300-Gb/s eyes. Parametric gain is achieved over more than 30 nm with at least 20-dB signal-to-noise-ratio for a minimum input signal peak power of 10 mW. The dynamic range was 10 to 500 mW, the higher input level limited by the input signal becoming distorted by SPM. The sampled signal (25000 samples) are visualized in real-time with a refresh rate of 5 Hz. A second feature of this application, not necessarily connected to parametric amplification, is that due to the many samples taken under a very short time period ( 0.2 ps) there is no requirement for clock recovery of the visualized signal.
IV. DISCUSSION AND CONCLUSION
Although the fiber-based CW operated OPA is a well-known technique, its impact in optical communication systems is still relatively unknown. Therefore, it is fair to state that its prospects in practical applications are still unclear, although they appear very promising. Their main advantages are the built-in multifunctionalities and their ability to operate over arbitrarily centered and wide wavelength ranges. While we have here presented some examples of applications, several more are likely to be proposed and demonstrated in the future. To cover extremely wideband WDM applications, amplifiers such as fiber OPAs and/or Raman (lumped and/or distributed) will be needed to amplify all WDM channels simultaneously. Thus, while the EDFA, is a remarkably enabling device, it may not be sufficient for some future applications.
One significantly unique feature of the OPA is the feasibility to achieve noise-free optical amplification, i.e., a 0-dB noise figure. With such amplifiers widely available, the impact on lightwave system design would likely be of the same magnitude as the impact from the introduction of EDFAs. Noiseless optical amplification would mean no SNR degradation along the transmission path. This would essentially lead to the elimination of the impairments caused by fiber nonlinearities (e.g., FPM, SPM, XPM, nonlinear WDM crosstalk, etc.) and, thus also eliminate the need for distributed Raman amplification. The spectral efficiency would increase, as WDM channels could be placed closer to each other. However, the implementation of such an optical phase-sensitive amplifier is very challenging, similar to the coherent homodyne lightwave receivers widely studied in the 1980s. It is clear that significant progress in this area is needed before this would be of practical interest. Meanwhile, another approach to address the same issue (but in a fundamentally different way), that is being studied fairly extensively, is all-optical 3R regeneration which serves to restore the signal integrity. This implementation could involve the use of an OPA, here in the phase-insensitive implementation. The OPA operated in the gain-compressed mode would act as an optical limiter to suppress noise accumulation in the time domain.
From a practical viewpoint, there are a few important issues which need further attention. Polarization dependence is intrinsic to the FPM process. Many applications require polarization-independent operation (although a viable option in many cases may be to rely on polarization-tracking schemes) and practical techniques to solve this are needed, e.g., based on polarization-diversity or dual-pump implementations. Another concern is gain saturation. If an OPA operates such that the pump power is being depleted due to the signal presence, signal degradation may appear both in single-channel systems (e.g., extinction-ratio degradation) and in WDM systems (nonlinear crosstalk). The quantified consequences of this are yet not fully investigated. Yet another issue is the implementation of very wideband and flat gain spectra using multiple pumps, ideally also resulting in polarization independence. Much knowledge can be gained from the research being conducted on the Raman amplifier counterpart.
The recent progress of fiber-based OPAs stems from the development of highly nonlinear single-mode fibers and the availability of high-power semiconductor lasers. Future improvements can be expected from further progress in this area. Specifically, holey fibers appear very promising for this purpose. Challenges here include the splicing of these fibers, reducing the fiber loss and the polarization-mode dispersion, as well as the tailoring of the dispersion profile.
In conclusion, we have reviewed the basic theoretical framework as well as several applications of fiber-based OPAs. The multifunctional features of the OPAs appear particularly promising. We have also discussed some similarities and dissimilarities with Raman amplifiers. The most obvious unique features of the OPAs are the idler generation (useful e.g., for wavelength conversion) and the feasibility of noiseless amplification. However, more work is needed to fully understand the limitations and opportunities of using fiber OPAs in optical lightwave systems. 
